Abstract. The prolyl peptidases are a family of enzymes characterized by a biochemical preference for cleaving proline-containing peptides. The members of this enzyme family include prolyl endopeptidase, prolyl endopeptidase-like, dipeptidyl peptidase 4 (DPP4), DPP7, DPP8, DPP9, and fibroblast activation protein. DPP4 is the best studied member of the family, due to its role in physiological glucose tolerance, exerted through the regulation of the insulinotropic peptide glucagon-like peptide-1. While other members of the prolyl peptidase family have also been implicated in various (patho)physiological processes, the underlying peptides and pathways regulated by these enzymes are less clear. The identification of endogenous substrates of the prolyl peptidases is an important step in elucidating the molecular mechanisms of these enzymes. Here, we highlight the utility of liquid chromatography-mass spectrometry-based peptidomics to enable the discovery of endogenous prolyl peptidase substrates directly from tissues, and demonstrate the utility of this information in understanding the biochemical and physiological functions of the prolyl peptidases.
INTRODUCTION
Peptidases play a central role in the production, regulation, and degradation of peptides in vivo (1) (2) (3) (4) . The elucidation of peptidase substrates is necessary for defining the biochemistry of a peptidase, and this information can also be used to infer the cellular and physiological functions of the enzyme (5, 6) . For example, the identification of the insulinotropic peptide glucagon-like peptide-1 (GLP-1) as a plasma dipeptidyl peptidase 4 (DPP4) substrate suggested that this enzyme is involved in insulin regulation by controlling levels of bioactive GLP-1 in plasma (6) (Fig. 1) . Indeed, mice lacking DPP4 have higher levels of GLP-1 and insulin, and improved glucose tolerance (7) . These findings revealed DPP4 to be a potential therapeutic target for the treatment of diabetes, which has subsequently been realized with the approval of DPP4 inhibitors as new antidiabetic drugs (8) .
The importance of DPP4 has spurred the investigation of the biochemical, cellular, and physiological roles of other mammalian dipeptidyl peptidases (DPPs) (3, 9) . Biochemically, the DPPs are N-terminal dipeptidases with a preference for a proline residue at the penultimate position (i.e., H2N-XaaPro-peptide) of their substrates. DPPs have also been suggested to perform key roles in (patho)physiological processes. For example, fibroblast activation protein (FAP) is upregulated in some cancers (10, 11) . High levels of proline in the extracellular matrix proteins (collagen) led to the hypothesis that FAP activity might help degrade the extracellular matrix to enable tumor growth and migration. Indeed, FAP has been shown to influence tumor cell growth in vivo through xenograft studies where cells expressing FAP formed larger tumors than cells lacking FAP or cells with a catalytically inactive FAP mutant (12, 13) . In addition to DPP4 and FAP, there are three additional catalytically active dipeptidyl peptidases, DPP7, DPP8, and DPP9, and the catalytically inactive DPP6 (3) .
While DPPs prefer to cleave proline-containing peptides at the N terminus, prolyl endopeptidase (Prep) is able to cleave peptides on the C-terminal side of proline within the peptide sequence (9, 14) . Together, the DPPs and prolyl endopeptidases are part of the prolyl peptidase family. The members of this enzyme family are serine proteases and share significant sequence homology, and some also have similar structures (3) . Like all serine hydrolases, these enzymes use an activated serine nucleophile to attack the scissile amide bond, resulting in peptide cleavage. Prep has been tested against many bioactive peptides that contain proline residues (e.g., substance P and vasopressin), and many of these peptides are excellent in vitro substrates (9) . The identification of these substrates led to new hypotheses about Prep function, which were tested in vivo using pharmacological Prep inhibitors. Interestingly, several of these experiments suggested that Prep inhibition would lead to improved cognitive function in mammals, which was later verified (15) (16) (17) (18) . However, the underlying mechanism for this improvement is still under investigation because some of the Prep substrates predicted to be responsible for this effect were unaffected, or only modestly affected, upon Prep inhibition (19) (20) (21) .
These results highlight the difficulty in predicting endogenous substrates solely based on in vitro experiments, because a number of factors which play a role in enzyme-substrate interactions in vivo are difficult to replicate in vitro. For example, in vitro assays with recombinant enzyme cannot account for protein-protein interactions or spatial localization that can promote or prevent interactions between peptidases and candidate substrates (22) . To overcome these challenges, recent studies have begun to look at the direct impact of peptidase activity on the peptides in cells and tissues through the application of mass spectrometry (MS)-based peptidomics (23) (24) (25) (26) (27) (28) . In these experiments, changes in the peptide profile as a function of peptidase activity can reveal substrates, products, and pathways regulated by a peptidase in vivo.
Peptidomics approaches attempt to detect and quantify peptides directly from cells and tissues. Through liquid chromatography (LC)-MS-based peptidomics experiments, the necessary protocols for the isolation and detection of peptides from tissues have been developed (23, 24, 26, (29) (30) (31) (32) . In such experiments, known endogenous peptides and, importantly, previously unidentified peptides, including posttranslationally modified versions of known peptides, can be measured (29) . Recently, peptidomics has been applied to identify peptidase-regulated peptides, including substrates, by quantifying changes in the tissue peptidome as a function of peptidase activity (23) (24) (25) 27, 28, 31, 32) (Fig. 2) . Using this approach, many of the challenges associated with translating the findings from in vitro assays into biological insights that are applicable in vivo can be overcome. Fricker and colleagues, who studied the neuropeptides regulated by carboxypeptidase E (CPE), provided the first examples of the successful use of peptidomics to study peptidases (26, 27) . In these experiments, comparison of the peptidomes from tissue samples from mice with or without CPE revealed peptides and pathways regulated by CPE (Fig. 2 ). Since these initial efforts, similar approaches have been used to study other peptidases as well (23) (24) (25) (26) (27) (28) 31, 32) . Fig. 1 . DPP4 regulates the levels of bioactive GLP-1. As food enters the intestine, a series of hormones are released that serve to prime the body for the nutrients that are on their way. One peptide, glucagon-like peptide-1 (GLP-1), is an insulinotropic peptide that stimulates insulin biosynthesis and secretion in a glucose-dependent manner. In addition, GLP-1 is rapidly cleaved by dipeptidyl peptidase 4 (DPP4), which removes a dipeptide from the N terminus of GLP-1 to inactivate the peptide. The discovery of this pathway led to the hypothesis that DPP4 might be involved in physiological glucose tolerance, which was later confirmed through the generation of mice lacking DPP4. Furthermore, this pathway revealed the mechanism of GLP-1 degradation, which led to the development of DPP4 inhibitors as a new class of antidiabetic drugs Fig. 2 . Identification of peptidase substrates through global LC-MS-based peptidomics. As with any enzyme, understanding the substrate profile of a peptidase is an important question that must be answered. Toward this goal, the use of peptidomics to identify changes in tissue peptides as a function of a peptidase activity can overcome many of the challenges associated with in vitro assays. In these experiments, comparison of the peptide profiles from wild-type (peptidase active) and knockout (peptidase inactive) samples can identify peptides regulated by the enzyme as changes in the ion abundance in the LC-MS chromatogram. For example, substrates often accumulate in the absence of a peptidase (bottom panel) resulting in a more abundant peak in the LC-MS chromatogram (gray peak). Through this approach, the substrate selectivity of an enzyme can be determined, and peptidase substrates can be identified, which might provide clues about the role of the enzyme in these tissues
In the analysis of prolyl peptidases, pharmacology (23, 28) and genetics (23, 24) have both been employed to inactivate the enzymes. The benefit of genetic knockouts is that they are highly specific, effectively remove all enzyme activity, and can be used to target any peptidase without needing any specific reagents. In certain cases of genetic knockouts, however, compensatory activities can emerge that mask the loss of the peptidase of interest, potentially confounding the results obtained. To date, this appears to be more the exception than the rule since peptidase knockouts of CPE and prolyl peptidases do show reasonable changes in the peptidome. Since peptidases can be inhibited with small molecules, pharmacology provides an additional way to regulate peptidase activity. The primary challenge with a pharmacological approach is related to the discovery of a peptidase inhibitor that is selective and able to function within the context of a cell, tissue, and organism. Once such an inhibitor is obtained, it can be used to study the changes in the peptidome that emerge from acute inhibition (typically hours) of a peptidase. Moreover, pharmacologically inhibited samples overcome the challenge of compensation because of the shorter timescale of inhibition. In either strategy, peptides that differ between samples should be tested in vitro to distinguish substrates and products of the enzyme from more indirect changes.
Below, we review the application of peptidomics to the study of the prolyl peptidases Prep and DPP4. These examples highlight the utility of peptidomics in defining peptidase specificity, natural substrates of the enzyme, and unappreciated biochemical crosstalk between peptidase pathways. With Prep, these studies led to an improved understanding of the biochemistry of the enzyme, and illustrated the difficulty in predicting peptidase substrates or cleavage sites based on peptide primary sequence alone (23) . In the case of DPP4, peptidomics provided biochemical information about this enzyme and also revealed the existence of interlinked biochemical pathways involved in renal peptide catabolism (25) . Lastly, peptide changes regulated by DPP4 were useful as a metric for increasing the coverage of the peptidomics platform through a systematic analysis of the key steps in the workflow (24) . Together, these examples highlight the utility of peptidomics in revealing the endogenous functions of the prolyl peptidases.
PEPTIDOMICS OF PREP IN THE CENTRAL NERVOUS SYSTEM
Prep was first identified and partially purified in 1971 as the enzyme responsible for the oxytocin cleaving activity in the human uterus (33) . The unique biochemical activity of Prep, namely the ability to cleave peptides at proline amino acids, has prompted a great deal of research into the biochemical, cellular, and physiological functions of this protein (9) . In vitro assays have identified Prep substrates that range from the tripeptide, thyrotropin-releasing hormone, to a 31 amino acid peptide, beta endorphin (9, 34) , which led to new hypotheses about the physiological role of Prep, including a role in cognitive function (15) (16) (17) (18) .
The identification of endogenous Prep substrates is a major part of the effort to elucidate Prep-regulated pathways related to cognition (9, 23, 28, 35) . These studies integrate pharmacological inhibition of Prep with postmortem measurements of peptide levels in the central nervous system. The most common method for measuring peptide levels has been to use antibody-based approaches such as immunoassays to detect and quantify changes in levels of specific peptides as a function of Prep inhibition (19) (20) (21) . Because immunoassays are necessarily targeted experiments, they are used to test hypotheses, but cannot uncover unknown or unanticipated substrates. For example, elevated levels of substance P in the brain upon Prep inhibition by S17092 were measured by immunohistochemistry (19) .
Two recent studies have applied MS-based peptidomics to study changes in the peptidome upon Prep inhibition in the central nervous system (CNS) of rodents (23, 28) . Interestingly, while both reports are similar in concept, they differ greatly in the details, including the animal model, inhibitor, time of inhibition, and MS approach. The first study utilized the commercially available inhibitor, Z-ProProlinal, in a rat model (28) . After a 4-h treatment with inhibitor, the rats were sacrificed, their brains isolated, and peptides were extracted. To quantify differences between the two samples, an isotopic labeling method termed iTRAQ was employed (36) . In this approach, peptides are labeled with a reagent that places distinct isotopic tags on the different sample groups (e.g., inhibitor and vehicle). The two samples are then mixed and analyzed simultaneously by MS, where quantitation is accomplished by calculating the ratio of the different isotopes during the MS analysis. By analyzing the inhibitor-and vehicle-treated groups simultaneously, iTRAQ improves the accuracy of the quantitation by reducing run-to-run variation that might appear using label-free approaches.
Using this approach, Tenorio-Laranga and colleagues were able to identify a number of novel Prep substrates in the brains of inhibitor-treated rats. The largest change corresponded to a fragment of NADH dehydrogenase 1 alpha subunit, which was elevated 1.9-fold in the vehicle-treated animal, suggesting that this is a product of Prep activity whose levels are reduced in the presence of Prep inhibitor. In addition, a fragment of the known Prep substrate thymosin beta4 was similarly elevated in the vehicle-treated sample, demonstrating the ability to identify known substrates (37) . A majority of the peptides identified as putative Prep substrates contained a proline, making them likely Prep substrates, although their ability to serve as Prep substrates was not explicitly tested. On the basis of the number and diversity of candidate proline-containing substrates identified, the authors concluded that Prep is involved in the CNS catabolism of peptides, including bioactive peptides.
Similarly, we utilized a pharmacological inhibitor of Prep, S17092, in a mouse model to study the impact of Prep inhibition on the CNS peptidome (23) (Fig. 3) . In contrast to the approach of Tenorio-Laranga and colleagues, we utilized a label-free strategy to quantify differences between samples. Importantly, a final comparison of the outcomes of the two Prep studies revealed some of the same Prep-regulated peptides, which indicates that the differences between the two approaches did not preclude similar results from being obtained.
In our study, peptides from S17092-and vehicle-treated mice (i.e., control samples with no inhibitor added) were prepared and analyzed by LC-MS (Fig. 3) . These data were then processed using XCMS software (38, 39) , which aligns, quantifies, and statistically ranks changes in ions between two datasets, in this case S17092 and vehicle. XCMS had previously been used to identify differences in metabolomics datasets, and this example demonstrated its utility in peptidome analysis. After XCMS analysis, Sequest (40, 41) or Mascot (42, 43) can be used to identify the peptide sequences of any changing ions. In the analysis of Prep substrates in the nervous system, we found that it was important to account for posttranslational modifications including acetylation, phosphorylation, and C-terminal amidation because many of the Prep-regulated peptides were modified (23, 29) .
Analysis of the spinal cord, brain, and hypothalamus revealed 19 Prep-regulated peptides with some overlap between these tissues. Interestingly, some of the changes were specific to one region of the CNS (23). For example, substance P was observed in all tissues, but only changed significantly in the brain. As expected, many of the S17092-elevated peptides, which are potential Prep substrates, contain a proline residue. Moreover, this label-free approach also identified some known Prep substrates, namely substance P and thymosin beta4. Importantly, not every peptide containing a proline residue is a Prep substrate in vivo. For example, we observed a proline-containing cytochrome C fragment that is unchanged between S17092-and vehicletreated samples.
On the basis of the diversity of substrates discovered, the conclusion that Prep might be involved in the catabolism of proline-containing peptides, first proposed by Tenorio--Laranga and colleagues (28) , is very reasonable. The diversity in the peptide sequences of natural substrates, many of which had multiple proline residues, prompted us to use these natural substrates to study the in vitro biochemistry of Prep. Of particular interest was the fact that some of the Prep substrates appeared to be processed in a manner that could have not been predicted from the known substrate selectivity of the peptidase. In particular, some peptides containing multiple proline residues seemed to be cleaved at only a single site, which was evident because only one of several possible product peptides was found at higher levels in the vehicle-treated sample.
Recombinant expression of Prep and chemical synthesis of some of these Prep substrates enabled the investigation of Prep selectivity in vitro. The cleavage of the neurosecretory protein VGF (490-507) (Vgf(490-507)), Vgf(24-39), preproenkephalin 1 (114-133) (Penk(114-133)), and acetylated heat shock 70-kDa protein 12a(2-23) (Ac-Hspa12a(2-23)) were studied with the recombinant enzyme. Two of these peptides, Vgf (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) and Penk(114-133), were cleaved at multiple proline sites in the peptide, which was expected for Prep. In contrast, the other two peptides, Vgf(490-507) and Ac-Hspa12a(2-23), showed cleavage patterns that could not be predicted or explained using known models for Prep selectivity. For example, Prep cleaves the peptide AcHspa12a(2-23) predominantly at one specific proline, even though there are two potential Prep cleavage sites in this peptide, one after each proline (Fig. 3) .
Overall, there was good agreement between in vitro and in vivo results, suggesting that the cleavage patterns observed in vivo were a direct result of Prep activity, and not other confounding factors that might have been present in tissues. Additional evidence that Prep does not unconditionally cut at Fig. 3 . Peptidomics of Prep. a S17092 is a Prep inhibitor which was shown to be selective for Prep over the closely related peptidase, prolyl endopeptidase-like (PrepL). b Workflow for the identification of Prep substrates in the CNS consisted of examining tissues (brain, spinal cord and hypothalamus) from mice treated with S17092 or vehicle. Differences in ion abundance between the two samples revealed Prep-regulated peptides, including substrates and products of the enzyme. c The identification of natural substrates, such as Hspa12a (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) , revealed that Prep can show cleavage site selectivity between two proline amino acids, which would not have been predicted based on the known substrate selectivity of Prep. d Prep also showed a length dependence, preferring shorter substrates, which allows it to cleave the degradation fragment of CGRP, CGRP(20-37), without cleaving the bioactive species CGRP any proline in a peptide can be found in the in vivo data. Here, many of the vehicle-elevated peptides, which are potential Prep cleavage products, still contain proline, indicating that Prep does not cut at every possible proline.
We also compared the cleavage of CGRP (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) , an endogenous Prep substrate, and full-length CGRP(1-37) to investigate the role of peptide length and cleavage site context in Prep biochemistry. Pioneering work by Polgár and coworkers had previously revealed a length dependence in Prep substrate selectivity, namely that Prep clearly preferred shorter peptides. Similarly, our experiments demonstrate that Prep favors the shorter peptide, CGRP (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) , as a substrate, with a specificity constant (k cat /K M ) that is 20-fold higher than that for CGRP(1-37) (Fig. 3) . In vivo, this selectivity would allow Prep to cleave peptides of a certain length, e.g. CGRP (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) , while having no impact on longer peptides, such as the full-length bioactive CGRP(1-37), whose levels do not change between S17092-and vehicle-treated samples. More generally, this result suggests that peptidases in the proteome might be stratified by a length dependence in addition to a sequence preference. This provides an added layer of selectivity which might be difficult to assess using in vitro assays with unnatural substrates alone.
In aggregate, our results reveal the value of integrating peptidomics analysis with biochemical studies to define features of enzymes, such as site selectivity, that are not evident using model substrates. Thus, these studies provide insight into the biochemical substrates of Prep in the nervous system and, like any discovery-based approach, reveal gaps in our current knowledge that will stimulate future studies with Prep.
PEPTIDOMICS OF DPP4 IN THE KIDNEY
The best studied member of the prolyl peptidase family is DPP4. To better understand the full range of physiological roles that DPP4 might be involved in, recent efforts have attempted to identify new DPP4 substrates. Initial efforts in this area relied on in vitro assays using purified enzymes and peptide substrate libraries (44) . However, the difficulty in using in vitro substrate profiles to predict endogenous substrates is demonstrated by the lack of a preferred cleavage site (H2N-Xaa-Pro) in certain DPP4 substrates such as GLP-1 and peptide YY (PYY) (45) . Additionally, the realization that the in vivo peptide pool is composed of many unknown peptides makes the challenge of substrate prediction even more daunting (30) . In an effort to circumvent the problem of using nonnatural substrates, Yates and colleagues performed in vitro MS-based peptidomics, by adding recombinant DPP4 to a pool of plasma peptides and measuring changes in the peptidome, an approach referred to as differential mass spectrometry (46) . These studies were able to identify a number of DPP4 substrates in the plasma, including the bioactive peptide bradykinin (47) .
Similarly, Jost and colleagues expanded on this approach by looking at changes in plasma peptides upon pharmacological inhibition of DPP4 in rats (48) . In this work, they used a method termed differential peptide display, which relies on quantitative MALDI-MS to identify physiological DPP4-regulated peptides. These studies were able to find a number of peptide substrates of DPP4, including collagen fragments and the BRI peptide, an amyloid-causing peptide. As these examples demonstrate, the role of DPP4 in plasma peptide regulation has been investigated using MS-based peptidomics, and we wondered whether analysis of DPP4 in other tissues could provide insights into other roles of the enzyme.
In these experiment, tissue samples from wild-type (DPP4 +/+ ) and DPP4 null (DPP4 −/− ) (7) mice were compared by peptidomics to identify DPP4 substrates in the kidney (25) . The peptides found to be regulated by DPP4 in the kidney were not classical hormones but fragments from different precursor proteins. Interestingly, few of the peptides regulated by DPP4 in the kidney had previously been reported in the literature, which is a testament to the complexity of the peptidome and also serves to highlight the value of unbiased mass spectrometry methods.
The DPP4-regulated peptides elevated in the DPP4 −/− samples contained the canonical DPP4 cleavage site (i.e., H2N-XaaPro-peptide), suggesting that these peptides were being regulated directly by DPP4, which was confirmed through in vitro cleavage assays (Fig. 4) . Importantly, a number of endogenous peptides that have a penultimate proline at the N terminus were not regulated by DPP4 in vivo; however, these peptides were excellent in vitro substrates, demonstrating the difficulty in using in vitro assays alone to identify physiological substrates. Prior work indicated a role for DPP4 in renal protein and peptide catabolism (4) . In this model, DPP4 is part of the proteolytic system that converts proteins and peptides into amino acids and dipeptides, which are then transported into cells through amino acid and dipeptide transporters, respectively (4). Amino acid and peptide measurements of urine from rats lacking a functional copy of DPP4 revealed lower levels of proline and higher levels of peptide-bound proline in the absence of DPP4 activity, demonstrating a role for DPP4 in liberating proline from peptides in vivo (4).
Additional support for this model comes from the LC-MS peptidomics data. For instance, in the peptidomics data, there are multiple fragments of the diazepam binding inhibitor (DBI) protein, which suggests that the protein is being catabolized in the kidney. Of the three DBI peptides detected, only the proline-containing peptide is found at a higher level in DPP4 −/− kidneys, which indicates a specific role for DPP4 in proline peptide catabolism in the kidney. In addition, the DPP4 substrates are derived from precursor proteins with differing cellular localizations (e.g., intracellular, extracellular, nuclear, etc.), which is consistent with the notion that extracellular DPP4 has a broad role in renal protein/peptide catabolism, which occurs extracellularly.
While the peptidomics data supported a physiological role for DPP4 in renal peptide catabolism, it was still unclear how the DPP4 substrates themselves were generated. The mechanism of DPP4 substrate generation was investigated through in vitro experiments with synthetic peptides and brush border membrane preparations from kidneys of DPP4 +/+ and DPP4 −/− mice. The brush border is the region within the proximal tubule of the kidney which contains the proteolytic and peptidolytic activity for protein catabolism. It is the site where DPP4 and several other peptidases are located (4, 49) .
Synthetic versions of the endogenous DPP4 substrates were used to study, in greater detail, the mechanism of renal peptide catabolism. In these experiments, a peptide is added to the brush border membrane lysate and subsequently analyzed by LC-MS to identify any degradation products. The products identified provide insight into the underlying enzymatic activities that generated the peptides. For example, addition of the DPP4 substrate derived from the meprin β protein, Mepβ , to brush border membranes from DPP4 +/+ and DPP4 −/− mice resulted in different peptide profiles. In the DPP4 +/+ sample, the peptide was cleanly processed to give the dipeptide-truncated products, Mepβ (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) and Mepβ (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) , while the levels of these peptides were significantly lower in the DPP4 −/− sample. As expected, this experiment demonstrates an irreplaceable role for DPP4 in the processing of proline-containing peptides in the kidney.
In addition, Mepβ (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) , the DPP4 cleavage product which lacks proline, was also assayed in this experiment. Unlike the proline-containing peptide, there was no genotypedependent processing of Mepβ (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) . Instead, the N-terminal processing of this peptide was mediated by aminopeptidase activity, which produced a ladder of singly truncated Nterminal products. Thus, the brush border experiments showed that aminopeptidase (AP) and DPP4 activities are both important pathways for N-terminal peptide degradation and that DPP4 products are AP substrates. Interestingly, aminopeptidase activity adjacent to a proline residue (i.e., XaaPropeptide) was not seen even in the absence of DPP4 activity, indicating that kidney aminopeptidases do not accept substrates with a penultimate proline. This insight, provided by the lack of a particular product, in turn suggested a potential mechanism for DPP4 substrate production.
In this model for DPP4 substrate production, any proline-containing peptide is first processed by aminopeptidase activity until a penultimate proline is reached and the peptide is no longer an aminopeptidase substrate. At this point, the peptide is cleaved by DPP4 to liberate a prolinecontaining dipeptide. In this model, AP and DPP4 activities result in interlinked pathways that together enable Nterminal degradation of proline-containing peptides. A mechanism is thus also provided for the generation of DPP4 substrates in the kidney (Fig. 4) . The model requires that kidney proteolytic activity is able to generate a DPP4 substrate (i.e., a penultimate proline-containing peptide) from peptides with an internal proline. This was tested using two peptides with proline at position 3 and position 5 with respect Importantly, not all H2N-XaaPro-peptides were regulated by DPP4, demonstrating the value of in vivo measurements in identifying physiologically relevant substrates. b Further studies with brush border membranes revealed that aminopeptidase activity is required to generate DPP4 substrates, providing a mechanism and a pathway for peptide catabolism in the kidney to the N terminus. These peptides were incubated with DPP4 +/+ and DPP4 −/− brush border membranes, which led to the accumulation of H2N-XaaPro-containing peptides in the DPP4 −/− brush border membranes, demonstrating that kidney proteolytic activity is able to generate DPP4 substrates from peptides with internal proline residues.
Next, brush border membranes from mice lacking both aminopeptidase A and N (25, 50, 51) , the two predominant kidney aminopeptidases (52) , were used to test whether DPP4 substrate production is aminopeptidase-dependent. The same two peptides with proline at position 3 and position 5 with respect to the N terminus were added to brush border membranes from wild-type (APN/A +/+ ) and aminopeptidase A and N null (APN/A −/− ) mice. The production of penultimate proline-containing peptides was measured by LC-MS, revealing a clear and significant decrease in the amount of H2N-XaaProcontaining peptide in the absence of aminopeptidase activity. Together, these brush border experiments support the hypothesis that kidney aminopeptidase activity is responsible for the production of DPP4 substrates and lead to a model where the interlinked activities of aminopeptidase and DPP4 combine to degrade proline-containing peptides and produce amino acids and dipeptides during renal catabolism.
OPTIMIZING THE PEPTIDOMICS PLATFORM USING PEPTIDASE SUBSTRATES
The identification of peptidase substrates and peptidasemediated pathways required an LC-MS peptide-profiling platform capable of quantitative analysis across the peptidome. In the case of DPP4, kidney peptidomics studies supported a role for DPP4 in the catabolism of peptides based on the identification of seven DPP4 substrates that were elevated in the DPP4 −/− samples. However, we anticipated finding more substrates, since loss of DPP4 activity has been shown to impact global levels of proline in rat urine, suggesting that there are numerous prolinecontaining peptides that are DPP4 substrates (4). We suspected that our peptide-profiling platform, while functional, needed to be improved to provide greater coverage of the peptidome. Systematic investigation of key steps in the workflow, including tissue preparation, peptide isolation, LC-MS, and data analysis, was performed in order to optimize the peptide-profiling platform (24) . Improvement in the peptide-profiling platform was measured by the number of new DPP4 substrates identified during the comparison of DPP4 +/+ and DPP4 −/− kidney samples. Many of the changes in the workflow had modest impacts on the number of DPP4 substrates detected. Trypsinization of the samples prior to LC-MS, for example, doubled the number of DPP4-regulated peptides identified. However, by performing an additional orthogonal fractionation approach, a strategy known to reduce sample complexity and improve peptide detection, a big improvement in peptidome coverage was indeed observed. Fractionation of the peptidome using strong cation exchange (SCX) and Offgel electrophoresis (OGE) resulted in a marked improvement in the number of DPP4 substrates identified (24) (Fig. 5) . In total, the optimized workflow resulted in a 10-fold improvement in the number of DPP4-regulated peptides (75 vs. 7 previously) identified, and demonstrated the value of the DPP4 model in improving the platform.
Importantly, the ability to detect a larger number of DPP4 substrates provided additional data to support an interlinked aminopeptidase-DPP4 pathway for N-terminal processing of proline-containing peptides. Specifically, while the number of DPP4-regulated peptides increased to a total of 75, there were only four peptides that did not contain the canonical DPP4 cut site (H2N-XaaPro) and only one that terminated in a proline, providing strong evidence that aminopeptidases do not process penultimate proline-containing peptides in vivo either. Finally, this improved platform was then applied to analyze DPP4-regulated peptides in the intestine, which revealed a handful of additional DPP4 substrates and demonstrated the generality of this optimized peptidomics platform.
CONCLUSIONS AND OUTLOOK
The application of LC-MS-based peptidomics has had a strong impact on the understanding of the biochemistry and Fig. 5 . Optimized peptidomics. By using the number of DPP4 substrates identified, the peptidomics platform was improved. In total, 75 DPP4 substrates were identified, which represents a ∼10-fold improvement over the initial conditions. Separation methods used include reverse phase (RP), strong cation exchange (SCX) and Offgel electrophoresis (OGE) proteolytic pathways regulated by the prolyl peptidases. The application of these approaches to other peptidases, including less well-characterized prolyl peptidases, promises to enrich the understanding of this important class of peptidases. These types of studies will be especially useful in elucidating the roles of peptidases that might emerge from genetic studies linking enzymes to human disease. As a result, the findings from peptide-profiling experiments are important in basic science and could impact medicine as well. Finally, peptidomics can be extended to other types of research, such as biomarker studies or the investigation of the function of other peptide-modifying enzymes.
